Thermoluminescent
property of the mixture of CaSO4: Tm powder and non-luminous 6LiF powder was studied with a view to devel oping a personnel monitor for thermal neutrons.
Its thermoluminescent response to thermal neutrons as a function of the particle size or the mixing ratio of both powders was investigated theoretically and experimentally.
The phosphor sample, which was prepared according to the most favorable conditions that the particle size of both powders was between 100~450 mm and the mixing weight ratio of CaSO4: Tm to 6LiF was 1 : 1 , was found to have the following dosimetric properties.
(1) The thermoluminescence output is linear against neutron dose in a dose range from 10 mrem up to 6 rem.
(2) The thermoluminescent efficiency remains constant even after 5 ,000 repetitions of exposure-reading-annealing procedure. The 6LiF thermoluminescence dosimeter(1) is well known as one of the most popular dosimeters for thermal neutrons , and was subject to many studies with a view to developing a personnel monitor(2)(3). Zimmerman et al. (4) 
II. DOSIMETER CONSTRUCTION
The dosimeter proposed here uses the mixture of CaSO4: Tm powder (thermoluminescent phosphor) and non-luminous 6LiF powder (neutron target material) . As shown in Fig.  1(a) , the mixture of CaSO4 : Tm and 6LiF is sealed in a silicate glass ampoule (noted (CaSO4: Tm) (6Li)). Alpha particles which are produced through the nuclear reaction, 'Li (n, a)3H, excite the CaSO4 : Tm phosphor. This type of mixture is also sensitive to g-
rays. For the purpose of cancelling the g-ray dose signal, another type of mixture as shown in Fig. 1(b) is used, in which CaSO4 : Tm is mixed with 7LiF instead of 6LiF (noted (CaSO4: Tm)(7Li)). It responds only to g-rays , the g -ray dose signal being quite similar to that of the former mixture. In these mixtures, fine powders are used because it is naturally expected that the range of a particles is very short.
III.
THEORETICAL APPROACH TO
DOSIMETER SENSITIVITY
In order to grasp dosimetric properties of the (CaSO4: Tm)(6Li) dosimeter, theoretical approach was made in the following way. The following physical factors, which determine the sensitivity of the dosimeter, were selected and formulated.
(1) The number of a particles produced through 6Li(n, a) reaction in the mixture, (2) the probability that the a particles will escape out of 6LiF particles and their kinetic energy, and (3) the probability that the a particles will strike CaSO4 Tm particles.
Secondly, relative thermal neutron sensitivity for various particle sizes was calculated. NLi: Number of 6Li nuclei per unit volume (cm-3) t: Sample thickness (cm).
The number of produced a particles per unit area A (particles/cm2) is equal to the absorption of neutron per unit area of the mixture, and hence, given by the following equation:
2. Probability of a Particle Emission from 6LW and Its Kinetic Energy Figure 2 shows a simplified model for explaining the behavior of a particles in the mixture.
It is simply assumed that both CaSO4, : Tm and 6LiF particles are spherical and the trajectory of an a particle is a straight line. Consider a 6LiF particle, the radius of which is RLi, and in which the range of a particles is Ra. When a particles are produced within the spheres S whose radius is RLi-Ra, they cannot escape out of the 6 LiF particle.
When a particles are produced in the outer shell of Ra in thickness, however, some of them can escape out of the 6 LiF particle. Number of a particles produced in 6LiF particle.
Consider a sphere of radius Ra whose center is within the shell as shown by the dotted circle in Fig. 2 , and assume that (n, a) reactions take place at the center.
The probability that the produced a particles escape out of the 6LiF particle is proportional to the solid angle o, which is a function of the depth from the surface to the reaction point y and the radius of the 6LiF particles RLi and can be expressed by the following equation :
Then, the escaping probability for all the a particles produced in the shell p is given by the following equation :
On the other hand, Ns/Nt is considered to be equal to the volume ratio of the shell to the 6LiF particle .
Combining Eqs. (5) and (6), Eq. (3) can be re-written in the following way :
3. Probability of a Particle Incidence on CaSO4: Tm Particles An a particle having escaped out of a target 6LiF particle will strike either a CaS04:
Tm particle or a 6LiF particle. The probability pi that the a particle will strike a CaSO4: Tm particle is proportional to the product of the number and the cross-sectional area of CaSO4 : Tm particles which neighbor the target 6LiF particle, and is given by the following equation :
where nCa, RCa and nLi, RLi represent, respectively, the numbers and the radii of the CaSO4 : Tm particles and the 6LiF particles which neighbor the target 6LiF particle.
Here, the ratio of nCa to nLi is naturally equal to the particle number ratio of CaSO4: Tm to 6LiF in the mixture.
The specific gravities of both particles are approximately equal.
Therefore, in the case where the mixing weight ratio is 1:1, the relation nCaR3Ca=nLiR3Li holds, and so Eq. (7) can be re-written in the following form :
Neutron Sensitivity
Using the equations described above, relative sensitivities are calculated for various particle size conditions.
(1) Relative sensitivity P1 when the particle size of CaSO4: Tm is changed, whereas the mixing weight ratio of CaSO4: Tm to 6LiF is 1:1.
In this case, pe is constant , and so
(3')
(8)
(2) Relative sensitivity P2 when the particle size of 6LiF is changed, whereas the mixing weight ratio is 1: 1.
In this case, both pe and pi change, and so P2 is proportional to their product.
(3) Relative sensitivity P3 when both the particle size are changed, whereas the mixing weight ratio is 1: 1. In this case, p1 is constant, and so (4) Relative sensitivity P4 when the mixing weight ratio is changed, whereas both the particle sizes are kept constant.
In this case, pi, is proportional to the CaSO4 : Tm content x. And so P4 is proportional to the product of x and the number of the a particles A.
The results obtained by calculation using the above equations are shown in Fig. 3 (P1, P2, P3) and Fig. 4 The separation according to the particle size was made with stainless steel sieves. A thermoluminescence analyzing instrument with a 1P21 photomultiplier was used for glow curve analysis.
The heating rate was 7dc/sec.
To examine the dosimetric characteristics, a commercial TLD reader (Matsushita Electric U D-505A) was used. This reader uses hot air to heat the dosimeter, and the heating time required for reaching 300dc is only 10 sec.
An Am-Be neutron source (5 Ci of 241Am) was used for thermal neutron exposure. Fast neutrons emitted from the source were slowed down to thermal neutrons by a water moderator 10~25cm thick. A thermal neutron dose rate of 5.8x10-2 mrem/min was available at 23 cm of water thickness.
V. RESULTS AND DISCUSSIONS
Considering the theoretical approach described above, experimental examination was made of the thermal neutron response in relation to the particle size or the mixing ratio. Figure  3 shows thermoluminescent responses of the mixtures of CaSO4: Tm and 6LiF in which the mixing weight ratio was 1 : 1 and the particle sizes were as follows : (a) the particle size of CaSO4 : Tm was changed, whereas that of 6LiF was kept constant (105~149 mm), (b) the particle size of 6 LiF was changed, whereas that of CaSO4: Tm was kept constant (105~149 mm), and (c) both particle sizes of the powders were changed.
Both powders were divided into 5 size ranges according to the mesh grade of the sieve, namely, 0~46, 74~105, 1051 49 and 149~210 mm.
The thermal neutron dose was 1 mrem. The results in the figure are normalized to the value at 105149 pm. As shown in Fig. 3 (a) , when the particle size of CaSO4 : Tm is changed, the sensitivity increases very slowly with decrease in the particle size. Contrary to this, as shown in Fig. 3 (b) , when the particle size of 6LiF is changed, the sensitivity increases markedly with decrease in the particle size. When both the particle sizes are changed, as shown (11) (12) in Fig. 3 (c) , the sensitivity increases more markedly with decrease in the particle size. The results obtained by calculation using Eqs.
(9), (10) and (11) (Ra=5 mm, 0<RLi, RCa<=100 m m) are also shown in these figures. These theoretical curves agree fairly well with the experimental results in the cases (b) and (c). But, in the case (a) the experimental result is different from the theoretical curve below about 50 mm. A possible explanation for this is that the thermoluminescence is reduced by light scattering due to the fine powders of CaSO4: Tm.
The thermoluminescent responses to thermal neutrons as well as g-rays (137Cs 662 keV) were examined in relation to the mixing ratio of CaSO4: Tm to 6LiF, and the results are shown in Fig. 4 , where the particle size was 105~149 mm in diameter.
The results in the figure are normalized to the value at 50% content of CaSO4: Tm.
As shown in the figure, the g-ray response increases linearly against the CaSO4 : Tm content. Contrary to this, the thermal neutron response reaches a maximum at a content of CaSO4: Tm of about 70%. In Fig. 4 , the result obtained by calculation using Eq. (12) is also shown by a solid curve.
The number of 6Li nuclei per unit volume NLi was calculated using the value of the measured apparent density 1.4 g/cm3. The experimental results agree fairly well with the theoretical results. In order to make measurement of thermal neutron dose discriminating from the contribution by T-rays, the ratio of the sensitivity for thermal neutrons to that for g-rays should be as large as possible. It is shown in Fig. 4 that this ratio is approximately constant up 
VI. DOSIMETRIC CHARACTERISTICS
According to the good mixing condition described in the last chapter, several dosimeter samples were prepared, in which the mixing weight ratio of CaSO4: Tm to 6LiF was 1 : 1, and the particle size was 105~ 149 mm.
In Fig. 5 are illustrated glow curves of such dosimeters, where the thermal neutron dose and g-ray exposure were 100 mrem and 1R, respectively.
Both glow curves, showing a main peak at 220dc, are very similar to that of the CaSO4: Tm phosphor exposed to g -rays (7) . Curve (a) is slightly lower than curve (b) in the lower temperature range. This was possibly caused by the fading due to the very long time of neutron irradiation. From the experimental result described above, it is concluded that the glow due to thermal neutron irradiation does not originate from 6 LiF but from CaSO4 Tm.
It is also concluded that the a-excited glow curve of Figure 6 shows the result of a linearity examination of the dosimeter for thermal neutrons.
Here, (CaSO4: Tm) (7Li) dosimeters were used for measuring and subtracting small background g-rays included in the thermal neutron exposure field. Ten pairs of dosimeters were used at each measurement point in order to obtain high accuracy.
As can be seen in Fig. 6 , the relationship between response and neutron dose is quite linear from 10 mrem up to 6 rem, above which it becomes supralinear.
This behavior resembles that of CaSO4: Tm(7) exposed to g-rays, which becomes supralinear above about 300 R. In Table 1 Figure 8 shows the reading values of thermal neutron doses when the dosimeters were exposed to various mixed fields.
As shown by curve (a), in the case without g_ rays, the reproducibility error of 1 mrem thermal neutrons is 4.1% in standard deviation. The error of 1 mrem thermal neutrons under 10 mR background g-rays (curve (b)) is 5.2%. And, when the background g-rays was increased to 1,000 mR (curve (c)) which is 1,000 times as intense as that of the thermal neutron dose in rem unit, the error becomes 30%. The thermal neutron sensitivity of (CaSO4: Tm)(7Li) was below instrument noise level because of the high isotopic purity of 7Li. 
